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Abstract
NADH-ubiquinone oxidoreductase (called complex I for mitochondrial enzyme and NDH-1 for bacterial counterparts) is
an energy transducer, which utilizes the redox energy derived from the oxidation of NADH with ubiquinone to generate an
electrochemical proton gradient v ~WH across the membrane. The complex I/NDH-1 contain one non-covalently bound
flavin mononucleotide and as many as eight iron-sulfur clusters as electron transfer components in common. In addition,
electron paramagnetic resonance (EPR) spectroscopic studies have revealed that three ubisemiquinone (SQ) species with
distinct spectroscopic and thermodynamic properties are detectable in complex I and function as electron/proton
translocators. Thus, the understanding of molecular properties of the individual quinone species is prerequisite to elucidate
the energy-coupling mechanism of complex I. We have investigated these SQ species using EPR spectroscopy and found that
the three SQ species have strikingly different properties. We will report characteristics of these SQ species and discuss
possible functional roles of individual quinone species in the electron/proton transfer reaction of complex I/NDH-1. ß 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction
NADH-ubiquinone oxidoreductase is located in
the inner membrane of mitochondria and in the cy-
toplasmic membrane of bacteria. The mitochondrial
enzyme complex is referred to as complex I [1^3]
whereas the bacterial counterpart is called NDH-1
[4]. Complex I/NDH-1 catalyze the oxidation of
NADH by a lipid soluble H/e3 carrier quinone
(Q) with concomitant translocation of protons across
the membrane, which generates the electrochemical
proton gradient v ~WH. The v ~WH is utilized for
various mitochondrial activities such as ATP produc-
tion by ATPsynthase (complex V), ion transport and
others. Bovine heart mitochondrial complex I is com-
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posed of at least 42 subunits whereas bacterial NDH-
1 consists of only 13^14 subunits (NQO1^14/NuoA^
N), all of the latter subunits are highly homologous
to mammalian counterparts [3,4]. Complex I/NDH-1
contain the same number and the same type of elec-
tron transfer components, one molecule of non-co-
valently bound £avin mononucleotide (FMN) and as
many as eight iron-sulfur clusters [5] and share sim-
ilar enzymatic properties. Thus, it is conceivable that
the 13^14-subunit structure is a core unit for the
enzyme catalysis [4,6^8].
The number of protons pumped by complex I/
NDH-1 during the oxidation of one NADH mole-
cule is an essential factor for understanding the en-
ergy-coupling mechanism. Three to ¢ve protons/2e3
(four as a consensus number) have been reported by
several investigators [9^11]. The ultimate goal of our
investigation is to elucidate the proton-pumping
mechanism of complex I with a high H/2e3 stoichi-
ometry. The last few years have seen a notable prog-
ress in our knowledge of this complicated enzyme
complex. Accumulated primary sequence informa-
tion of complex I/NDH-1 has provided a basis on
which possible cofactor binding sites are predicted.
Biochemical, molecular biological, and biophysical
studies have also revealed several intriguing aspects
of complex I/NDH-1 [5,12^15]. It has been increas-
ingly recognized that the electron transfer (ET) step
from cluster N2 to the Q-pool is a key step in the
redox-linked proton translocation reaction. In the
present paper, we brie£y summarize the current sta-
tus of complex I/NDH-1 studies and discuss some
important aspects based mostly on the recent pro-
gresses in our laboratory on the complex I-associated
ubisemiquinone species.
2. Two separate parts and distinct roles in the
electron/proton transfer reactions
Although the atomic level 3D structure is yet to
come, an overall structure of complex I/NDH-1 is
known and appears to be very unique. Electron mi-
croscopic studies of mitochondrial enzymes from bo-
vine heart [16] and from Neurospora crassa [17], and
Escherichia coli NDH-1 [8,18] revealed a common L-
shape appearance composed of two structural do-
mains, a hydrophilic promontory domain and a
membrane domain. This conserved general shape of
complex I/NDH-1 apparently raises a question as to
why this unique structure is needed to operate the
proton-pumping reaction coupled to the ET. Several
investigators have challenged this issue and de-
lineated the organization of the two domain struc-
tures to some extent [19^21]. The promontory part
consists of hydrophilic subunits including 51 kDa(N-
QO1/NuoF), 24 kDa(NQO2/NuoE), 75 kDa(NQO3/
NuoG), 49 kDa(NQO4/NuoD) and 30 kDa(NQO5/
NuoC) subunits. The ¢rst three subunits contain one
FMN and ¢ve iron-sulfur cluster binding sites, indi-
cating that the ET from NADH takes place via the
hydrophilic domain of the enzyme complex and elec-
trons are transferred into the membrane domain.
Currently, it is not yet known whether this ET step
in the promontory domain is directly coupled to the
proton-pumping reaction or not. Meanwhile, it
seems more likely that the membrane domain and
a connecting region between the promontory and
the membrane domains play an important role in
the ET coupled proton translocation. The connecting
part includes two subunits, PSST(NQO6/NuoB) and
TYKY(NQO9/NuoI) subunits, whereas the mem-
brane domain is composed of at least seven hydro-
phobic subunits (e.g. ND1^6 and ND4L for mito-
chondrial complex I) [22]. Iron-sulfur cluster N2
with the highest redox potential is located in the
connecting part and transfers electrons to the Q-
pool. The membrane domain plays a main role in
the proton transfer reaction. These two regions
seem to work concertedly to couple the ET reaction
to the proton-pumping activity. Therefore, character-
ization of the electron/proton transfer components in
these regions is an important step toward the under-
standing of the energy-coupling mechanism.
3. Characterization of the connecting domain: the
location of the cluster N2 binding site
The location of cluster N2 is not yet identi¢ed.
Aforementioned two subunits have been under close
scrutiny as the cluster N2 binding site [8,23]. The
TYKY (NQO9/NuoI) subunit contains two sets of
primordial [4Fe-4S] cluster-binding motifs in its pri-
mary sequence [24]. Recently, it was proven that the
Paracoccus denitri¢cans NQO9 subunit actually
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bears 2U[4Fe-4S] clusters using recombinant expres-
sion and in vitro iron-sulfur cluster reconstitution
techniques [25]. The 2U[4Fe-4S] clusters showed
two sets of axial-type electroparamagnetic resonance
(EPR) signals, one pair of which exhibited an ex-
tremely fast spin-relaxation behavior. It has been
suggested, therefore, that the 2U[4Fe-4S] clusters in
the same subunit magnetically interact with each oth-
er [25]. However, further characterization and assign-
ment of these EPR signals to those in the intact
enzyme complex remain to be made. This subunit
seems to be anchored to the membrane domain
through its N-terminal hydrophobic stretch [21].
The PSST (NQO6/NuoB) subunit conserves three
possible ligand cysteine residues and several non-cys-
teinyl amino acid residues [26]. Although this subunit
is thought to ligate a [4Fe-4S] cluster [27], no exper-
imental evidence has been provided thus far. The
PSST(NQO6) subunit was identi¢ed to be a con-
served inhibitor binding site for complex I inhibitors
such as pyridaben [28]. Since most of the inhibitors
interfere with the ET step from cluster N2 to the Q-
pool [13,29], it is strongly suggested that the
PSST(NQO6/NuoB) subunit is directly involved in
the ET step from cluster N2 to the Q-pool. These
two candidate subunits are amphipathic and appar-
ently in direct interaction with the membrane domain
of the enzyme complex [20,21,30]. Consistent with
this notion, individually expressed P. denitri¢cans
NQO6 and NQO9 subunits are found within the
membranes [21,25,30]. Considering the fact that the
properties of cluster N2 are readily modi¢ed by a
change in the membrane environments such as re-
moving lipids, cluster N2 can be located ‘inside’ of
the membrane [31].
4. The ubisemiquinone (SQ) species detected in
complex I segment of mitochondrial respiratory
chain
The activated and tightly coupled bovine heart
submitochondrial particles (SMP) exhibit SQ free
radical EPR signals at g = 2.004 during the steady
state oxidation of NADH or succinate. Some of
the SQ species arise from complex I segment of the
respiratory chain. In the last several years, these SQ
species have been characterized [32^34]. At least
three SQ species are associated with complex I,
which are distinguishable by their di¡erent spin-re-
laxation behaviors. The SQNf , a fast relaxing species
(P1=2s 220 mW at 40 K), can be observed in only
coupled SMP. The higher respiratory control ratio
(RCR) of SMP preparation, the stronger the SQNf
signals. It suggests that signal intensity of the SQNf
species is dependent on the v ~WH posed across the
membrane. Indeed, the SQNf signal completely dis-
appears by the addition of uncoupler carbonyl cya-
nide m-chlorophenyl hydrazone (CCCP). The slowly
relaxing SQNs (P1=2 = 1^10 mW at 40 K) and a very
slowly relaxing SQNx species (P1=2 =30.1 mW at 40
K) are not sensitive to uncoupler. It was shown that
these complex I-associated SQ species exhibit di¡er-
ent speci¢cities to complex I inhibitors [34]. All three
SQ species were completely quenched by a class I
inhibitor, piericidin A, in the same manner, whereas
a class II inhibitor, rotenone, showed more speci¢c
e¡ects on the SQNf species than on the SQslow (SQNs
and SQNx) species. These investigations clearly in-
dicated that multiple ubiquinone species are present
in complex I, functioning as electron/proton trans-
locators during the catalysis. Therefore, the under-
standing of the functions of these individual ubiqui-
none species is of prime importance in order to
elucidate the energy-coupling mechanism of complex
I/NDH-1.
5. E¡ects of pH on the SQ species in the steady state
We have further investigated the properties of
these SQ species to de¢ne their functional roles in
the electron/proton transfer reaction. Especially, the
uncoupler sensitive SQNf species is of great interest
because of its possible direct involvement in the pro-
ton-pumping activity. In the previous study, the ex-
perimental condition was established such that the
SQNf signal could be spectroscopically resolved using
NADH-ubiquinone-1 (UQ1) oxidoreductase reaction
in the presence of complex II and complex III inhib-
itors and by comparing g = 2.00 signals between the
coupled and uncoupled SMP. In the present study,
using the NADH-UQ1 system, we ¢rst examined the
resolved SQNf signals at various pH values from 6.5
to 9.0. Table 1 compares the enzymatic properties of
the SMP prepared at di¡erent pH values. The SMP
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maintained rather robust enzymatic activities within
a pH range between 7.0 and 8.5, showing high RCR.
These preparations were also found to show strong
SQNf signals consistent with the previous observa-
tions [34]. Signal amplitudes of the spectroscopically
resolved SQNf signals were not signi¢cantly a¡ected
by pH between pH 7.0 and 8.5, a behavior that was
similar to RCR (Fig. 1). The line-width of the SQNf
signals was identical (vHpp =38.4 Gauss) between
pH 7.0 and pH 8.5 at 40 K (Fig. 2). Currently, it
remains to be determined if the SQNf species is in an
anion (Qc3) or a neutral (QHc) form. The pH-less
sensitive properties of the SQNf species suggest one
possibility is that the SQNf species has an unusually
high pKa value (for Qc3+HHQHc) and exists as a
neutral form (QHc) within this pH range. Meanwhile,
its narrow line-width (vHpp =38.4 Gauss) suggests
that the SQNf could be in an anion form (Qc3) [35].
Further characterization of the SQNf species is
needed to identify its role in the ET coupled proton
translocation reaction. Meanwhile, the SQslow species
(SQNs and SQNx) in the uncoupled SMP showed sig-
ni¢cant pH dependence within the pH range from 6.5
to 9.0 (Fig. 1). The SQslow signal amplitude progres-
sively increased as pH was raised. The power satu-
ration analysis revealed that the SQNs component
was responsible for this pH-dependent changes
(data not shown). This property of the SQNs species
is reminiscent of the Qi species at the Qi (QN) site of
cytochrome bc1 complex [36] and SQs signal of suc-
cinate-ubiquinone oxidoreductase [37]. The SQNx, on
the other hand, was not signi¢cantly a¡ected by pH
changes (data not shown). Therefore, the SQNx spe-
cies can be a neutral form (QHc).
6. Roles of the SQ species in the electron/proton
transfer reaction of complex I/NDH-1
As descried above, these three complex I-associ-
ated SQ species show strikingly distinct molecular
properties, suggesting that they play di¡erent roles
in the electron/proton transfer. Currently, little is
known as to how these quinone species participate
in the electron/proton transfer reactions in the mem-
brane domain and where these quinone-binding sites
are located [38]. There is experimental evidence, how-
ever, that the SQNf species is located close to cluster
N2 with an estimated distance of 8^11 Aî . A strong
magnetic interaction between these two spin systems
(N2 and SQNf) causes the splitting of gz signal of
cluster N2 [32] and enhances the spin-relaxation
rate of the SQNf species [33,34]. The close topograph-
ical relationship between the SQNf and cluster N2
Table 1
E¡ects of pH on the enzymatic activities of SMPa
pH NADH-O2 (3CCCP)b;c NADH-O2 (+CCCP)b;c Succinate-NAD b;d NADH-UQ1 (3CCCP)b;e RCR
6.5 0.111 0.491 0.0143 0.119 4.42
7.0 0.132 0.903 0.0615 0.156 6.84
7.5 0.141 1.090 0.0961 0.179 7.73
8.0 0.180 1.268 0.0983 0.192 7.05
8.5 0.154 1.051 0.0781 0.188 6.82
9.0 0.129 0.646 0.0408 0.094 5.01
aActivated and tightly coupled SMP were prepared according to [45]. The SMP thus obtained were suspended in the reaction bu¡ers
containing 0.25 M sucrose, 50 mM each of MOPS, MES, and Tris (pH 6.5^9.0 adjusted with HCl or KOH), 1.0 mM EDTA, and 1.0
mg/ml BSA.
bExpressed as Wmol of NADH oxidized/min/mg of protein. Enzyme assay was measured in the same suspension bu¡ers with 50 Wg/ml
SMP at room temperature.
cIn order to fully activate complex I, 50 WM NADH was added. Then the reaction was initiated by the addition of 100 WM NADH
and absorbance change at 340 nm was monitored at room temperature. For the uncoupled SMP, 27 WM CCCP was added.
dExpressed as Wmol of NAD reduced/min/mg of protein. Complex I was fully activated by the addition of 50 WM NADH and then
the reaction was initiated by the addition of 10 mM succinate and 1 mM NAD. The activity was measured by monitoring absor-
bance change at 340 nm at room temperature.
eNADH-UQ1 oxidoreductase activity was measured in the presence of 100 WM NADH, 50 WM UQ1, 1.0 nmol/mg antimycin A, and
5.0 mM KCN. The reaction was initiated by the addition of NADH and absorbance change at 340 nm was followed at room temper-
ature.
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suggests that the SQNf species is the product of direct
ET from cluster N2 to the primary electron acceptor
quinone. The high v ~WH sensitivity of the SQNf spe-
cies strongly suggests that some of the ET steps in-
volving the SQNf species from cluster N2 to the pri-
mary Q and then to a second electron acceptor (e.g.
QNs species) proceeds in a v ~WH-dependent manner.
Only limited information is available as to the loca-
tion of the SQNs species. Relatively weak spin-relax-
ation enhancement of the SQNs suggests that it is
remotely located from cluster N2 (estimated s 30
Aî ). Although its pH dependence and inhibitor sensi-
tivity of the SQNs suggest its similar role to that of
the Qi species in the bc1 complex [39], its topological
location and thermodynamic properties should be
determined in order to de¢ne its role.
Meanwhile, the involvement of cluster N2 in the
proton-pumping reaction has been suggested because
of its pH-dependent Em value; i.e. an amino acid
residue in close vicinity of cluster N2 could take up
and release a proton responding to the redox change
of cluster N2 [40,41]. Although there is no concrete
experimental evidence supporting this idea, this is
worth pursuing in the future [42].
Recently, it has been reported that some bacterial
respiratory chains contain NDH-1-like enzyme com-
plexes, which show rotenone sensitive sodium ion-
pumping activity [43,44]. If the molecular structure
of the Na-pumping NDH-1 is identical to that
of the H-pumping NDH-1, both the Na- and
H-pumping reactions may be operated by the
same principle but with some slight structural adjust-
ments. In order to delineate such a principle, further
characterization is needed. Such attempts are under
way in our laboratory.
Fig. 1. E¡ects of pH on the RCR of SMP, the signal amplitude
of the resolved SQNf EPR signals and the SQslow (SQNs and
SQNx) signals. Closed circles indicate RCR of the SMP pre-
pared in media at di¡erent pH values. The preparation of SMP
and the enzyme assay are described in the footnotes of Table 1.
Grey bars show the g = 2.00 signal amplitude (peak-to-peak) of
the spectroscopically resolved SQNf signals. Open circles illus-
trate the pH dependence of the SQslow (SQNs and SQNx) signals.
Both signal amplitudes are in arbitrary units. Quantitative anal-
yses of the SQNf , SQNs, and SQNx species are currently in prog-
ress. EPR samples were prepared as follows: SMP (20 mg/ml)
were incubated in the presence of 480 WM UQ1, 1.25 nmol/mg
each of antimycin A and myxothiazol, and 10 nmol/mg carbox-
in on ice for at least 1 h. For the uncoupled samples, 27 WM
CCCP was added. NADH was quickly added to a ¢nal concen-
tration of 1.0 mM and the samples were immediately frozen
within 5^7 s. EPR conditions were described in the legend to
Fig. 2.
Fig. 2. The resolved EPR spectrum of the SQNf species detected
in the SMP at pH 8.5. The SQNf signal was resolved as a dif-
ference spectrum, [coupled SMP (3CCCP)]3[uncoupled SMP
(+CCCP)]. EPR spectra were measured at 40 K under the fol-
lowing conditions: microwave frequency, 9.423 GHz; micro-
wave power, 1.0 mW; modulation frequency, 100 kHz; modula-
tion amplitude, 5.085 G.
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